Gliding Motility: The Molecules behind the Motion  by Heintzelman, Matthew B
Gliding Motility: The Molecules Behind
the Motion
Matthew B. Heintzelman
In apicomplexan parasites, gliding motility and host
cell invasion are driven by an actomyosin-based
system. Recent studies have characterized several
components of the gliding motility apparatus and
have provided new insight into the molecular
architecture of this locomotory system.
Gliding motility has intrigued scientists for over a
century. In eukaryotes, this form of cell locomotion
describes a substrate-dependent motility that occurs
without the aid of locomotory organelles, such as cilia
or flagella, and without the kind of cell deformation seen
in amoeboid crawling. A variety of disparate cell types
have been shown to engage in this form of locomotion,
with the apicomplexan parasites Plasmodium and Tox-
oplasma, the biflagellate green alga Chlamydomonas
and diatoms having received the most attention. While
some mechanistic features are shared amongst these
very different cells, the molecular machinery employed
by each to power its own form of gliding motility 
may be largely unique. The available evidence would
suggest that both diatoms [1] and the Apicomplexa [2]
use an actomyosin-based motility apparatus, while 
the substrate-dependent gliding motility of Chlamy-
domonas is more likely driven by a microtubule-based
motility system which resides within the flagella but is
independent of that used for its alternative, axoneme-
powered swimming behavior [3].
A flurry of recent studies by those examining
gliding motility in the Apicomplexa has given us our
best insight to date into the molecular architecture of
a gliding motility system. Plasmodium and Toxo-
plasma, the causative agents of malaria and toxo-
plasmosis, respectively, are both absolutely depen-
dent upon gliding motility for their active invasion of
host cells [4]. Extracellular parasites can also be
observed to glide on top of substrates at rates from 1
to 10 µm per second, a behavior which is sensitive to
the cytocha-lasins and known from molecular analy-
sis to be dependent upon the actin cytoskeleton of
the parasite [5].
This actin-dependence of gliding motility in the
Apicomplexa led to a search for accompanying motor
molecules, specifically myosins, that might also par-
ticipate in the process. A novel family of myosins, des-
ignated class XIV, was first identified in Toxoplasma
[6], with homologues described soon after in Plas-
modium [7,8] and other related parasites. The expres-
sion profiles of the various myosins during different
stages of the parasite life cycle, together with immuno-
localization studies, soon pointed to Toxoplasma
gondii myosin A — or its Plasmodium homologues —
as the most likely candidate for being the actin-asso-
ciated motor that drives gliding motility.
Detailed characterization of T. gondii myosin A
showed that, like other myosins, it associates with
actin in an ATP-sensitive fashion [7,9], and that it can
use energy derived from ATP hydrolysis to translocate
actin filaments [10]. As with all myosins, this mech-
anochemical activity resides within the so-called
‘head’ domain of the protein. Somewhat surprisingly,
this very small — 93 kDa — single-headed unconven-
tional myosin from T. gondii displays nucleotide
binding kinetics more akin to the fast muscle myosins
than to other myosin types, and it translocates actin
filaments at an impressive 5.2 µm per second in in
vitro motility assays [10].
The direct involvement of this particular myosin in
parasite gliding and host cell invasion has recently
been demonstrated by Meissner et al. [11] in an
elegant series of experiments. This group engineered
T. gondii parasites that lacked endogenous myosin 
A and instead contained a myosin A transgene
expressed under the control of a tetracycline-depen-
dent transactivator system. They found that depletion
of myosin A from the parasite led to a significant
reduction, or even total elimination, of gliding motility,
host cell invasion and egress of the parasites from
host cells. Furthermore, the usual lethality of T. gondii
infection in mice was abrogated when myosin A was
depleted from in vivo parasites post-infection.
For myosin A to function in gliding motility, it has to
be appropriately localized to the cortical domain of the
parasite, where the forces generated by an acto-
myosin system must be transduced to a substrate.
The cortical domain, or pellicle, of an apicomplexan
parasite consists of the cell membrane together with
a pair of closely apposed cytoplasmic membranes:
the inner membrane complex (IMC), which forms a
flattened cisterna immediately subjacent to the
plasma membrane (Figure 1). The IMC itself is sup-
ported on its cytoplasmic face by an elaborate basket
of subpellicular microtubules [12]. 
Despite actin’s essential role in gliding motility, a dis-
cernable actin cytoskeleton has yet to be described
ultrastructurally in an apicomplexan parasite, possibly
reflecting the lability of this component of the gliding
machinery [13]. T. gondii myosin A and its Plasmodium
homologues localize to the pellicle, though immunolo-
calization studies have not yet convincingly resolved
whether the motor is associated with the cell mem-
brane or with the IMC [2,7,8,14]. Hettmann et al. [7]
nevertheless were able to show that cortical localiza-
tion of T. gondii myosin A depends on the integrity of
the myosin tail domain — the part of the protein
carboxy-terminal to the head domain. Specifically, a
dibasic amino acid motif near the very end of the tail
was shown to be required for localization of myosin A
to the parasite pellicle.
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The tail domain of myosin A also mediates the
association of this molecular motor with two additional
proteins: T.gondii myosin light chain 1 (TgMLC1), and 
a myristoylated protein termed T.gondii myosin A
docking protein (TgMADP) [10]. The precise molecular
configuration of this complex has yet to be resolved,
though parallel studies in Plasmodium yoelii have
demonstrated the importance of the same myosin tail
dibasic motif in the association of P. yoelli myosin A
with its putative light chain, the myo-A tail domain inter-
acting protein (MTIP) [15]. Immunolocalization of MTIP
in Plasmodium, in conjunction with detergent fraction-
ations and comparison to a known cell membrane
marker, placed the light chain in association with the
IMC rather than the cell membrane. Given the demon-
strated binding of the myosin light chain to the tail
domain of the myosin motor, it is probable that myosin
A is likewise associated with the IMC. The means by
which this motor complex might be anchored at the
IMC is uncertain, though the myristoylated TgMADP is
an obvious candidate for being the link between motor
and membrane.
In order to drive gliding motility, myosin A must be
linked via the actin cytoskeleton to a protein or
complex of proteins that can transduce the force of the
actomyosin interaction across the cell membrane to
the substrate. Recent work has demonstrated that, in
T. gondii, the cytoplasmic tail domain of the cell
surface adhesin known as micronemal protein 2 (MIC2)
[16,17] interacts with a complex of proteins that
includes aldolase, as its most abundant constituent, as
well as actin (T.J. Jewitt and D. Sibley, personal com-
munication). Aldolase, apart from its known enzymatic
activity, is a G/F-actin-binding protein [18,19] which, in
this system, might serve as an actin organizer and a
link between the actin cytoskeleton and MIC2. 
Gliding motility may thus result from the transloca-
tion of this actin–aldolase–MIC2 complex rearward
along the length of the parasite membrane, a progres-
sion driven by the mechanochemical action of the
IMC-anchored myosin A motor complex (Figure 1).
Refinements to this oversimplified model will no doubt
be made as each of the motility components, their inter-
actions, precise topology and regulation are character-
ized in more detail. A comparable in-depth examination
of the gliding motility apparatus of other cell types will
likewise be of interest as we discover the shared
mechanical properties which are necessary and suffi-
cient to power this intriguing form of cell locomotion.
References
1. Poulsen, N.C., Spector, I., Spurck, T.P., Schultz, T.F. and Wether-
bee, R. (1999). Diatom gliding is the result of an actin-myosin motil-
ity system. Cell Motil. Cytoskel. 44, 23–33.
2. Dobrowolski, J.M., Carruthers, V.B. and Sibley, L.D. (1997). Partici-
pation of myosin in gliding motility and host cell invasion by Toxo-
plasma gondii. Molec. Microbiol. 26, 163–173.
3. Kozminski, K.G., Beech, P.L. and Rosenbaum, J.L. (1995). The
Chlamydomonas kinesin-like protein FLA10 is involved in motility
associated with the flagellar membrane. J. Cell Biol. 131,
1517–1527.
4. Menard, R. (2001). Gliding motility and cell invasion by Apicom-
plexa: insights from the Plasmodium sporozoite. Cell. Microbiol. 3,
63–73.
5. Dobrowolski, J.M. and Sibley, L.D. (1996). Toxoplasma invasion of
mammalian cells is powered by the actin cytoskeleton of the para-
site. Cell. 84, 933–939.
6. Heintzelman, M.B. and Schwartzman, J.D. (1997). A novel class of
unconventional myosins from Toxoplasma gondii. J. Mol. Biol. 271,
139–146.
7. Hettmann, C., Herm, A., Geiter, A., Frank, B., Schwarz, E., Soldati,
T. and Soldati, D. (2000). A dibasic motif in the tail of a class XIV
apicomplexan myosin is an essential determinant of plasma mem-
brane localization. Mol. Biol. Cell. 11, 1385–1400.
8. Matuschewski, K., Mota, M.M., Pinder, J.C., Nussenzweig, V. and
Kappe, S.H.I. (2001). Identification of the class XIV myosins Pb-
MyoA and Py-MyoA and expression in Plasmodium sporozoites.
Molec. Biochem. Parasitol. 112, 157–161.
9. Heintzelman, M.B. and Schwartzman, J.D. (1999). Characterization
of Myosin-A and Myosin-C: Two class XIV unconventional myosins
from Toxoplasma gondii. Cell Motil. Cytoskel. 44, 58–67.
10. Herm-Gotz, A., Weiss, S., Stratmann, R., Fujita-Becker, S., Ruff, C.,
Myehofer, E., Soldati, T., Manstein, D.J., Geeves, M.A. and Soldati,
D. (2002). Toxoplasma gondii myosin A and its light chain: a fast,
single-headed, plus-end-directed motor. EMBO J. 21, 2149–2158.
11. Meissner, M., Schluter, D. and Soldati, D. (2002). Role of Toxo-
plasma gondii myosin A in powering parasite gliding and host cell
invasion. Science. 298, 837–840.
12. Dubey, J.P., Lindsay, D.S. and Speer, C.A. (1998). Structures of Tox-
oplasma gondii tachyzoites, bradyzoites, and sporozoites and
biology and development of tissue cysts. Clin. Microbiol. Rev. 11,
267–299.
Dispatch
R58
Figure 1. A model of the parasite pellicle
and associated motor complex.
On the left is depicted a Toxoplasma
tachyzoite, the motile form of the parasite.
The pellicle consists of the cell membrane
(orange) and an underlying inner mem-
brane complex (IMC, green) seen in
expanded view on the right. Evidence sug-
gests that myosin A is anchored, perhaps
via the myristoylated myosin-A docking
protein (MADP) to the IMC. A myosin light
chain (MLC, known as MTIP in Plasmod-
ium) also associates with the myosin tail.
The motor head domain of myosin A inter-
acts with an actin–aldolase complex bound
to the cytoplasmic tail domain of a cell
surface adhesin (MIC2, known as TRAP in
Plasmodium [20]). The extracellular domain
of MIC2 interacts with the substrate.
Gliding motility could be driven by the
translocation of actin–aldolase–adhesin
complexes rearward along the length of
the parasite by the IMC-anchored myosin
A complex.
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